ABSTRACT: An improved synthesis of a haptenic heroin surrogate 1 (6-AmHap) is reported. The intermediate needed for the preparation of 1 was described in the route in the synthesis of 2 (DiAmHap). A scalable procedure was developed to install the C-3 amido group. Using the Boc protectng group in 18 allowed preparation of 1 in an overall yield of 53% from 4 and eliminated the necessity of preparing the diamide 13. Hapten 1 was conjugated to tetanus toxoid and mixed with liposomes containing monophosphoryl lipid A as an adjuvant. The 1 vaccine induced high anti-1 IgG levels that reduced heroin-induced antinociception and locomotive behavioral changes following repeated subcutaneous and intravenous heroin challenges in mice and rats. Vaccinated mice had reduced heroin-induced hyperlocomotion following a 50 mg/kg heroin challenge. The 1 vaccineinduced antibodies bound to heroin and other abused opioids, including hydrocodone, oxycodone, hydromorphone, oxymorphone, and codeine.
■ INTRODUCTION
The abuse of opioids, which include heroin and fentanyl, is a growing problem in the United States that is partly responsible for the recently declared National Emergency for Opioid crisis. Between 2007 and 2015, the number of past year heroin users increased from 373000 1 to 828000, 2 of which 591000 were classified as heroin dependent. 2 Between 2006 and 2015, the number of heroin-related deaths increased over 600%, from 2088 to 12989. 3 Our ability to prevent the spread of heroin abuse and aid heroin addicts is handicapped by the lack of sufficient treatment modalities for heroin addiction. Most pharmacological treatments for opioid abuse involve opioid management therapy (OMT) regulated administration of opioid medications with fewer side effects, such as methadone and, more recently, buprenorphine alone or in conjunction with naloxone. 4 While effective, OMT program adherence rates vary substantially, and the relapse rates for heroin users who complete or discontinue OMT is higher than for those who abuse other opioids. 5 In addition, treatment access and drug diversion are problems for opioid-based treatment options. 6 If the heroin problem is to be solved, many different types of treatments and medications will be needed to meet the needs of the individual addict.
A promising addition to traditional drug-based treatments is immunopharmacotherapy, in which antibodies bind to a substance of abuse and prevent the substance from penetrating the blood−brain (bb) barrier and subsequently act on the opioid receptors in the brain. 7−9 Vaccine-induced antibodies (active immunization) or monoclonal antibodies (passive immunotherapy) "kinetically sequester" opioids from the peripheral circulation and thereby recompartmentalizing them in the blood instead of the brain. It also has been suggested that this sequestration shifts the opioid concentration gradient in the bb barrier, which favor the efflux of the opioid from the brain to the blood. 10 Because opioids are too small to be recognized by the immune system, an opioid-based hapten can be conjugated to a carrier protein and used as a vaccine to induce antibodies that can recognize the hapten as well as heroin and/or other opioids. A major difficulty in attempting to prevent heroin from reaching brain opioid receptors is due to the fact that heroin is a prodrug with a very short half-life (2−6 min). 11 Its initial major metabolite, 6-acetylmorphine (6-AM), is also readily transported to the brain and also has high affinity for the μ-opioid receptor. 12 For a heroin vaccine to be effective, it would need to generate antibodies that target both heroin and its metabolites. Two different heroin vaccine strategies based on hapten design have been reported. The first is haptens based on metabolically stable compounds like morphine that induce antibodies that bind to morphine and 6-AM but have a more limited ability to cross-react with heroin. 12−19 A stable version of this type of hapten, wherein the C-6 ester is changed to amide, has been reported. 14 The second is haptens that are based on metabolically unstable heroin, which evoke polyclonal antibodies that contain separate populations of antibodies that react separately with morphine, 6-AM, or heroin. 20−23 The chemical instability of this type of hapten is due to the presence of labile ester groups at the C-3 and C-6 positions. However, because this type of hapten is unstable, it is expected to have a limited shelf life because it can degrade during vaccine manufacturing and storage. Both of these two strategies induce antibodies that had limited ability to crossreact with other currently abused opioids like codeine 14, 16, 22 and oxycodone. 15, 22 To address the above problems and produce a more effective heroin-focused vaccine with broader antiopioid specificities, we have developed a novel third type of hapten, 1 (6-AmHap, N-((7S,7aR,12bS)-7-acetamido-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro-[3,2-e]isoquinolin-9-yl)-3-(tritylthio)propanamide), which is a stable hapten that incorporates the hydrolytically stable amide functionality into the 4,5-epoxymorphinan core and a 3-(tritylthio)propanamide linker for bioconjugation at the C-3 position on the aromatic ring (1, Figure 1 ). Although our previous studies indicated that 2 (DiAmHap) 24 and 3 (MorHap) 14, 25 were promising vaccine candidates, we report here that 1 is a more effective hapten against not only heroin and its metabolites but also abused prescription narcotics like hydromorphone and oxycodone. 26 Hapten 1 is compared in this study to 3, a morphine-based hapten that was efficacious against heroin challenge.
14 Because multigram quantities of hapten 1 were needed to run our in vitro and in vivo studies, to conduct current Good Laboratory Practices (cGLP) toxicology studies, and to obtain sufficient supplies for eventual human clinical studies under current Good Manufacturing Practices (cGMP) regulations, we needed a multigram quantity of material and the most facile method for obtaining that material that we could devise. We sought a scalable and higher yielding synthesis.
■ RESULTS AND DISCUSSION
Chemistry. The initial synthesis of 1 utilized 12 (previously prepared, 24 Scheme 1), which was also an intermediate to 2. Hapten 1 was obtained from compound 12 via TBTU coupling with 3-(tritylthio)propionic acid in 76% yield, with an overall yield of 12% from hydromorphone 4 (Scheme 1). Compound 2 had been obtained (Scheme 1) via a sequential N-acylation, N-demethylation, followed by N-alkylation in 7% overall yield from hydromorphone 4 (Scheme 1). The reported demethylation procedure was attempted with compound 13 24, 27 to obtain 14, and it proved somewhat problematic. Thus, a demethylation protocol was applied 28 using ethyl chloroformate/trimethylsilyl iodide, which gave 14 in 65% yield. Compound 14 could be converted to 2 in 76% via the established procedure (Scheme 1).
While the synthesis in Scheme 1 was effective at delivering screening quantities of haptens 1 and 2, the material throughput left much to be desired. It was important to explore alternate routes in order to obtain 1 in higher yield and fewer steps for our in vitro and in vivo studies and to aid the adaptation of the synthesis of the hapten for compliance with the FDA's cGMP regulations. We began with an investigation of the direct C(3)−N bond formation via aryl amidation that we envisioned would dramatically shorten the synthesis going directly from triflate 5 to acetamide 15 (Scheme 2).
Since the seminal work by Migita on the coupling of aryl bromides and amino stannanes in 1984, 29 palladium catalyzed C−N cross couplings have grown in both scope and utility. 30 The pioneering work by the Buchwald group has led to the development of specialized biaryl phosphine ligands and catalyst activation protocols that have been shown to be effective for both aryl amination and amidation on electronrich and sterically hindered systems. On the basis of the triflate reduction in the original synthetic route (Scheme 1, compound 5 to 6), we knew that it was possible for palladium to insert into the aryl C−O bond with triphenylphosphine as a ligand, but it remained to be seen if that was possible with the bulky biaryl phosphine ligands used to promote C−N coupling.
An initial screen was conducted to probe the viability of the reaction, employing readily available catalysts and ligands. Both the palladium-mediated Buchwald−Hartwig type coupling and the copper-catalyzed Goldberg coupling were screened. The Goldberg coupling proved to be ineffective, which was not surprising given the generally lack of reactivity of aryl sulfonates to copper-catalyzed couplings. 31 Gratifyingly, trace quantities of the desired product were detected via GC/MS 
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Article using the Pd 2 (dba) 3 /XantPhos catalyst system, prompting a more systematic investigation. A range of variables was explored in the Buchwald-type coupling, including XantPhos, XPhos, BrettPhos, and CyJohnPhos phosphine ligands and catalyst/base/solvent combinations (Pd(dba) 3 , Pd(OAc) 2 , Cs 2 CO 3 , K 3 PO 4 , K 2 CO 3 , tBuOH, toluene, dioxane) that have been historically successful for aryl amidation of sulfonates. 30 While we observed a rapid consumption of the starting material under some of the applied conditions, the desired product 15 was accompanied by significant amounts of phenolic byproducts 4 and 6.
Bruno and Buchwald recently reported a third generation of the palladacycle catalysts, incorporating extremely bulky di-tertbutylphosphino ligands, capable of amidation of electron rich, ortho-substituted aryl chlorides. 32 These tert-butyl-substituted phosphine catalysts are more efficient at promoting the reductive elimination step of the catalytic cycle, which is the most difficult step when coupling electron-rich substrates and amide nucleophiles. 33 We employed the tert-butyl BrettPhos palladacycle precatalyst (Table 1) in the reaction of 5 with acetamide under microwave heating conditions. The new precatalyst dramatically outperformed the previously screened ligand/catalyst systems, giving the desired amide in less time and higher yield on a 0.2−0.3 mmol scale, with almost no detectable phenolic byproducts (Table 1 , entry 1). When scaling the reaction up by an order of magnitude, the reaction time increased and the yield dropped sharply (Table 1, entry  2) . Importantly, only trace amounts of 4 and 6 were detected when running the reaction on a larger scale. After much deliberation, we thought it is possible that the presence of water may be affecting the amount of product formed, and indeed, water was found to have a significant impact on the conversion of 5 to 15 as demonstrated by examples 3 and 4 ( Table 1 ). The addition of an equivalent of water increased the yield of the multigram scale reactions under microwave and conventional heating to 73% and 88%, respectively, without significant formation of phenolic byproducts (Table 1, entries  4 and 5) .
Having improved the aryl amidation, we considered the next step, the installation of the C-6 acetamide. The C-3 acetamide moiety of 15 was found to be unstable under the original tosic acid-catalyzed reductive amination conditions that were successful on deoxyhydromorphone 6. Instead, the reductive amination was performed under basic conditions using the procedure developed by Hudson and Sweeney 34 to give amine 16 contaminated with benzylamine (Scheme 3). Hydrogenolysis of the impure mixture 16 gave crude 17, which was acylated to give 13 in 67% yield from 6. The C-6 stereochemistry was confirmed by comparison with samples of 13 prepared by the original route (Scheme 1). Demethylation The ratio of the GC peak integration of listed compounds to 15 is ≤0.05.
Scheme 3. Synthesis of 1 from 15
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Article with ethyl chloroformate/TMSI (Scheme 1) afforded compound 14, which could be elaborated by the previously established procedure to give 2 in 7 steps from hydromorphone in 23% overall yield. Conversion of 13 to 1 (Scheme 3) required the selective hydrolysis of the aryl C-3 acetamide in the presence of the aliphatic C-6 acetamide. This was accomplished by the carefully monitored heating of 13 in 1 N hydrochloric acid at 60°C for 72 h. Higher concentrations of acid, longer reaction times, or higher temperatures increased the quantity of the double hydrolysis product. Coupling of 12 with 3-(tritylthio)propionic acid with TBTU gave 1 in 76%, a 31% overall yield from hydromorphone. Although this was a considerable improvement over the earlier work, we wanted to avoid the somewhat problematic, selective hydrolysis of diacetamide 13 (Scheme 3). Thus, a new route was devised using a tert-butyloxycarbonyl (Boc) protected intermediate.
Hydrolysis of the C-3 acetamide 15 and the introduction of a Boc group provided more of the desired regioselectivity and control in deprotection of compound 19 at the later stage of the synthesis (Scheme 4). The Boc protected intermediate 18 was prepared in a one-pot procedure via acidic hydrolysis of 15 followed by treatment with Boc anhydride at pH < 7. Because the previously applied reductive amination sequence (Scheme 3) involved debenzylation that was sluggish (48 h at 50°C) (Scheme 3), we tried a different approach. We used a titanium(IV) isopropoxide-assisted reductive amination of 18 with ammonia in ethanol, followed by in situ sodium borohydride reduction 35 (Scheme 4) to give an amine intermediate. The amine intermediate was subsequently reacted with acetic anhydride in anhydrous ethyl acetate 36 to yield 19 (Scheme 4). Single-crystal X-ray analysis of 19 confirmed the absolute stereochemistry of the C-6 asymmetric center ( Figure 2) . Interestingly, if the reductive amination of 18 was carried out in the presence of palladium catalyst and ammonium formate at elevated temperature, 37 the oxide bridge underwent ring-opening to form the unwanted phenol intermediate 20 (Scheme 4). The structure of 20 was confirmed by single-crystal X-ray analysis of its hydrochloride salt (Figure 3) . Finally, hydrolysis of the Boc protecting group of 19 (Scheme 4) in the presence of trifluoroacetic acid went smoothly to yield the intermediate that was successfully coupled to 3-(tritylthio)propionic acid to provide the target hapten 1 in 53% overall yield from hydromorphone 4, an improvement over the original route that gave 1 in a 12% yield from 4. 
Article Biology. Hapten 1 was compared with the previously reported morphine-like hapten, 3.
14,18 Conjugation of both 1 and 3 to the tetanus toxoid (TT) carrier protein yielded 34 (31−37) haptens attached per TT molecule as measured by MALDI-TOF mass spectrometry (Supporting Information, Figure S1 ). The protein yield of the conjugation was ≥90% for both TT−1 and TT−3 bioconjugates with minimal protein precipitation. Both conjugates had similar sizes, and none of the conjugates formed any high molecular weight protein aggregates as confirmed by their patterns on nonreducing SDS PAGE and Blue Native PAGE gels (Supporting Information, Figure S2 ).
TT−1 and TT−3 conjugate vaccines were mixed with Army Liposome Formulation (ALF) 38 as an adjuvant and subsequently tested and compared in mice. The study design for the testing of TT−1 and TT−3 vaccines in mice is illustrated in Supporting Information, Figure S3 . Both vaccine formulations induced similar high antihapten antibody titers after each immunization (Figure 4 , p = ns). Following three vaccinations, high mean IgG levels of 1.1 and 1.2 mg/mL were induced for TT−3 and TT−1, respectively. Despite a 2−3-fold decline during the 6-week period from week 8 to week 14, high levels of hapten antibodies ranging from 0.2 to 0.8 mg/mL were maintained. Following immunization at week 14, the antihapten IgG levels were restored with mean levels of 1.4 and 1.7 mg/mL for TT−3 and TT−1, respectively, at 6 weeks after the immunization (Figure 4 ). There were no significant differences (p = ns) between the TT-specific carrier antibody responses as well, which were 72.6 ± 24.2 and 99.7 ± 19.6 μg/ mL at week 8 for TT−1 and TT−3, respectively (Supporting Information, Figure S4A ).
Both TT−1 and TT−3 vaccine formulations provided significant inhibition of heroin-induced antinociception in the tail flick assay with a mean %MPE of 7−29% following three heroin challenges (C1, C2, and C3): subcutaneous (SC) at week 10 (C1) and repeated intravenous (IV) heroin challenges at weeks 16 (C2) and 17 (C3). The unvaccinated control mice had a mean %MPE of 82−90% ( Figure 5 , top panel). Heroin administration increased locomotion above baseline in the control mice, resulting in increased levels in the total distance moved ( Figure 5 , bottom panel). In comparison, mice from both vaccinated groups significantly suppressed this heroininduced hyperlocomotion upon heroin challenge as compared to the control unvaccinated animals. There were no significant differences between the animals receiving TT−1 and TT−3 on their ability to block heroin effects in both assays (p = ns). These results indicated that both vaccines provided similar and potent protection upon heroin challenge in mice.
To test the efficacy of the TT−1 vaccine at high heroin dose (i.e., 50-fold greater than Figure 5 ), mice were challenged with 50 mg/kg SC heroin following three vaccinations with TT−1 with ALFA adjuvant (ALF adsorbed to aluminum hydroxide (AH)). The vaccine formulation generated high 1 specific titers of approximately 1 mg/mL at week 8 (data not shown) and significantly reduced the heroin-induced hyperlocomotion following heroin challenge. The control animals challenged with heroin moved ∼8-fold farther than their preheroin challenge baseline levels, and the TT−1 vaccinated mice had their locomotion significantly dampen by approximately 1.5-fold compared to control animals. The effect was more prominent between 10 and 25 min post heroin injection ( Figure 6 ).
We further tested the efficacy of TT−1 mixed with ALF as an adjuvant in rats (Supporting Information, Figure S5 ) following a similar vaccination schedule as with mice (Supporting Information, Figure S3 ). Vaccination of rats with TT−1 induced ∼10-fold higher antibody titers than that of mice with very high mean peak IgG levels of approximately 12 mg/mL at week 8 and were maintained for 13 weeks after the last booster immunization ( Figure 7 ). The TT-specific carrier antibody levels were also approximately 40-fold higher in rats (3.1 ± 0.3 mg/mL) as compared to mice (Supporting Information, Figure S4B ). For the tail flick assay, antinociception is expressed as percent of maximum possible effect (%MPE). For the locomotion assay, the values are expressed as differences between the post minus the pre heroin values for the total distance traveled. All values represent mean ± SEM of 10 mice per group. Asterisks indicate significant differences in the vaccine groups as compared to the corresponding unvaccinated control mice for each heroin challenge (*, p < 0.05; **, p < 0.01; ***, p < 0.001) using one-way ANOVA; Kruskal−Wallis test with Dunn's correction for multiple comparisons. The mean ± SEM baseline value for all groups for total distance moved in 5 min before heroin injection (pre heroin) was 1107 ± 46 cm and for mean velocity was 3.7 ± 0.2 cm/s.
Article Rats vaccinated with formulations containing TT−1 with ALF adjuvant demonstrated significantly lower mean %MPE of 27−48% in the tail immersion assay as compared to the unimmunized controls with 96−100% %MPE following SC (at weeks 10 and 17) and IV (at week 16) heroin challenges ( Figure 8 , top panel). In the thermal place preference test (TPPT), the control rats moved randomly between the two plates after heroin injection, with several of them not moving from the hot plate for more than 30 s and were removed to avoid burns. In contrast, the TT−1 vaccinated rats spent more time on the plate at 25°C with several of them staying there continuously. Thus, they spent significantly lower % of the total assay time on the hot plate in the TPPT assay as compared to the control animals ( Figure 8 , bottom panel). Overall, the TT−1 vaccines gave high titer antibodies and potent protection from heroin challenge in rats.
Competition ELISA studies were conducted to assess the binding specificities of the hapten-induced antibodies to heroin, its metabolites, other opioids, and opioid abuse therapeutic drugs (Table 2, Supporting Information, Tables  S1 and S2 ). Low IC 50 values correspond to high affinity hapten-induced antibodies to the target drug. In general, competition ELISA IC 50 values tend to numerically overestimate the actual K d values of the antibodies by 10 3 -fold. 20 Thus, the IC 50 values measured by competition ELISA in the μM range are expected to correspond to K d values in the nM range. 39 The structures of the drugs, which were used in the competition ELISA, are provided in Supporting Information, Figure S6 . TT−1-induced antibodies from mice had significantly lower IC 50 s than TT−3-induced antibodies to heroin and its metabolites, 6-AM, morphine, morphine-3-β-glucuronide (M-3G), and morphine-6-β-glucuronide (M-6G). However, the IC 50 s to normorphine were significantly lower for 3 (Supporting Information, Figure S7 ). None of the hapten-induced antibodies bound the drugs used for opioid abuse therapy, i.e., methadone, buprenorphine, and naltrexone (IC 50 > 1000) or to naloxone, which is the overdose rescue therapy (Supporting Information, Figure S8 ). In addition, unlike 3-induced antibodies, 1-induced antibodies crossreacted with significantly lower IC 50 s to multiple other abused prescription opioid drugs like codeine, oxycodone, hydrocodone, and hydromorphone (Supporting Information, Figure  S9 ). Antibodies induced by both haptens had similar strong binding to oxymorphone and levorphanol. None of the hapteninduced antibodies bound tramadol, fentanyl, sufentanil, and nalbuphine and poorly to meperidine, which are structurally unrelated opioids to heroin (Supporting Information, Figure  S9 ). There was no binding to the non-narcotic analgesics like acetylsalicylic acid, ibuprofen, and acetaminophen (Supporting Information, Figure S10 ). Antibodies to both haptens did not bind the human endogenous opioid peptides β-endorphin and [Leu5]-enkephalin (Supporting Information, Figure S11 ). 1 antibodies from rats (Table 2 and Supporting Information,  Table S2 ) exhibited similar binding affinity trends as mice (Supporting Information, Table S1 ) to heroin and its metabolites (Supporting Information, Figure S12 ), and other abused prescription opioid drugs (Supporting Information, Figure S13 ), but not to opioid abuse therapeutics (Supporting Figure 6 . TT−1 vaccine efficacy following high dose heroin challenge in mice. Unvaccinated control mice and mice immunized with TT−1 with ALFA as adjuvant (n = 10 mice per group) were challenged with high dose of 50 mg/kg SC heroin, and their locomotion was monitored for 30 min before and after challenge. The total distance traveled per 5 min segments (cm, mean ± SEM) over a period of 30 min is shown. Asterisks indicate significant differences between the control and TT−1 vaccinated groups at each time point after heroin injection (*, p < 0.05; ***, p < 0.001; ****, p < 0.0001) using twoway ANOVA with Sidak's multiple comparisons test. TT−1 vaccine efficacy upon repeated heroin challenges in the tail immersion antinociception assay (top panel) and the thermal place preference, two-temperature zone choice test (TPPT) (bottom panel) in rats. Unvaccinated control rats and rats immunized with TT−1 + ALF were challenged with SC heroin (C1, 1 mg/kg), IV heroin (C2, 0.5 mg/kg), and SC heroin (C3, 1 mg/kg). For the tail immersion assay, antinociception is expressed as percent of maximum possible effect (%MPE). For TPPT, the values are expressed as % total time spent on the hot plate. Several control rats (n = 4, 2, and 1 at 1st (C1) and 2nd (C2) challenge, respectively) were removed to avoid burns after reaching the continuous 30 s hot side cutoff in TPPT and were scored as 100% on the hot side. All values represent mean ± SEM of 8 rats per group. Asterisks indicate significant differences in the vaccine groups as compared to the corresponding unvaccinated control rats for each heroin challenge (*, p < 0.05; **, p < 0.01; ***, p < 0.001) using Mann−Whitney nonparametric t test.
Article Information, Figure S14 ), non-narcotic analgesics (Supporting Information, Figure S15 ), and endogenous opioid peptides (Supporting Information, Figure S16 ). Overall, the binding specificity of antibodies induced by the 1 vaccine strongly suggest that the 1 vaccine is not only a vaccine that induces antibodies that block the biological activity of heroin and its metabolites but also a vaccine that induces antibodies that can potentially block the activity of morphinan-based opioids.
The development of a successful heroin vaccine requires the induction of high titer and durable antibodies with high affinity to heroin and its metabolites. Here we have described TT−1, a novel heroin vaccine that utilizes a unique hydrolytically stable heroin-like hapten, 1, conjugated at C-3 position to TT. TT is the antigen in the licensed tetanus vaccine and also has been widely used as a carrier protein for conjugate vaccines. 14, 40, 41 The TT−1 was formulated with ALF or ALFA, which are potent and generic adjuvants that, based on multiple clinical trials, should be safe and effective. 38,40,42−46 The vaccine elicited high antibody levels and protective immunity from repeated SC and IV heroin challenges in mice and rats. The IV route was chosen as it closely mimics injection drug abuse in humans. In addition, the vaccine induced antibodies that crossreacted with heroin and sequentially produced active metabolites: 6-AM, morphine and M-6G as assessed by competition ELISA. Comparison of the TT−1 and TT−3 vaccines revealed that there were no significant differences in antibody levels and efficacy from heroin challenge between the two vaccines. In general, the 1-induced antibodies had a 10− 20-fold lower IC 50 in the competition ELISA than the 3-induced antibodies. This suggests that TT−1 vaccination should be more efficacious than TT−3 immunization. Apparently, there is a threshold combination of antibody titer and affinity that is surpassed by immunization with vaccines containing 1 or 3. This threshold may be related to the heroin dose used to challenge. Presumably, the antibody level and affinity must be sufficient to bind most of the heroin challenge dose. Bremer et al. have reported that their HerHapbased heroin vaccine protected up to 10 mg/kg of heroin administered by the SC route. 20, 21 The threshold level of the 1 or 3 vaccines has not been tested. However, TT−1 vaccinated mice challenged with 50 mg/kg of heroin by the SC route had a 1.5-fold reduction in the distance traveled when compared to the heroin challenged unvaccinated control animals ( Figure 6 ). This indicates that even at this extremely high dose of heroin, the TT−1 vaccine demonstrated partial efficacy, which may be sufficient to protect against heroin overdose. Approximately 50 mg (12−180 mg) of heroin has been reported to cause overdose in naive humans. 47 On a weight basis, assuming a 70 kg human, this corresponds to about 0.72 mg/kg heroin. In this study, we had nearly complete protection from 1 mg/kg heroin, which would be expected to be lethal in humans. From a mathematical prospective, the amount of antibody circulating in the blood of a rat should be easily overcome by a 0.5 mg/kg dose of heroin, which is approximately 4-fold more heroin than antibody on a molar basis. This assumes the plasma volume of a 0.4 kg rat is ∼17 mL 48 and the antibody concentration is 1 mg/mL. The efficacy of the vaccine observed above and that reported by others 20, 21 indicates that there are other 50 for the indicated drugs (μM; mean ± SEM) measured using competition ELISA from individual animal sera for each group using triplicate measurements. IC 50 was defined as the drug concentration that produced 50% inhibition of maximal antibody and hapten binding as calculated from normalized competition curves using log(inhibitor) vs normalized response-variable slope regression.
b Asterisks indicate groups with significantly lower IC 50 (higher affinity) as compared to the mice group immunized with TT-3 (***, p < 0.0001; **, p < 0.001; *, p < 0.01) using multiple t test with Holm−Sǐ́daḱ correction.
Article nonquantifiable reserves of antibody, such as on the surface of B cells and plasma cells, that are not assessed by conventional ELISA on sera. In addition, the heroin may be dispersed throughout the body, thereby diluting the effective concentration in the blood. Regardless of the mechanism, animals vaccinated with TT−1 were protected from a 0.5−1 mg/kg dose of heroin and mice vaccinated with the TT−1 vaccine had partial efficacy against 50 mg/kg heroin, suggesting that the vaccine could prevent overdose of high doses of heroin in humans that are typically used by heroin addicts.
Depending on the hapten structure and linker attachment site, different faces of heroin/morphine molecule are presented to the immune system, resulting in variable reactivity of induced antibodies. 18 Morphine-like haptens have been coupled at the C-6 position using various coupling strategies by several groups. 13−19 This strategy has induced antibodies binding mainly to 6-AM and morphine with little or no affinity to heroin. The good efficacy of these vaccines in animal models may be due to the rapid degradation of heroin to 6-AM in the blood following injection. Despite rapid conversion to 6-AM, low levels of heroin were detected in the brain a few minutes after injection. 19, 49 Thus, it is highly desirable that a heroin vaccine elicits high affinity antibodies to heroin, 6-AM, and morphine to completely sequester the drug in blood. Another strategy is the use of immunochemically "dynamic" vaccine that generates multiple haptens in situ and thus allows simultaneous presentation of relevant heroin metabolites to the immune system. 22 For example, a vaccine containing a "dynamic" heroin-like hapten, HerHap, conjugated at the bridge nitrogen atom elicited binding to heroin, 6-AM, and morphine due to degradation by deacetylation at the C-3 and C-6 position prior to or after immunization. 20−23 However, in our opinion, use of such a hapten would not be optimal due to its inherent instability because the half-life of acetyl group at the C-3 position of heroin was reported to be approximately a month at pH 7.4 at 4°C. 11 This is expected to result in a short shelf life of HerHap bioconjugate as a vialed drug product. The TT−1 vaccine described here is a better candidate that utilizes a unique stable C-3 linked heroin hapten with a hydrolytically stable amide by replacing the C-6 position acetyl group. The TT−1 vaccine was able to abrogate heroin effects by the induction of antibodies with significantly higher affinities to heroin and all its metabolites as compared to morphine haptens.
The broad cross-reactivities of the antibodies induced by the TT−1 vaccine suggests that it may also induce protective efficacy against other abused prescription opioids. The hapten 1-induced antibodies were cross-reactive with high affinities to several other abused prescription opioids like hydromorphone, hydrocodone, codeine, oxymorphone, and oxycodone. Hapten 1 presented a face consisting of the bridgehead nitrogen, aliphatic ring, and the C-6 amide, corresponding to the C-6 hydroxyl in morphine (Supporting Information, Figure S17) . Presumably, the portion of the antibody recognizing the C-6 position was promiscuous, accommodating amide, acetyl, ketone, and hydroxyl groups at this site (Table 2 and Supporting Information, Figure S6 ). Hapten 3 presented a face consisting of the bridgehead nitrogen, the aromatic ring, and the C-3 hydroxyl. Antibody recognition of the C-3 hydroxyl was stringent, not binding to the methyl ether at C-3 of codeine, oxycodone, and hydrocodone. Prescription opioid abuse and addiction are growing health problems and a strong risk factor leading to the use of heroin and drug addicts generally abuse multiple drugs. 50−52 Vaccine strategies combining multiple abused opioids like morphine, oxycodone, and hydrocodone have been proposed, 53, 54 but these are inherently complex. The multispecificity of antibodies directed to TT−1 indicates its potential as a single haptenic tool in an immunotherapeutic vaccine to combat abuse of heroin and other prescription opioid drugs.
It is essential that the antibodies induced by a heroin or opioid vaccine do not cross-react with the therapies for opioid abuse such as methadone, buprenorphine, and naltrexone. 51 The antibodies induced by both 1 and 3 did not react with these compounds, and more importantly the antibodies induced by either vaccine did not cross-react with naloxone, which is used as the overdose rescue treatment given intranasally to reverse respiratory depression due to heroin and other opioid overdose. This suggests that vaccination can be used together with standard therapies to prevent the withdrawal and craving symptoms associated with opioid withdrawal. Although the use of opioids for pain in addicts is highly debated, the poor binding of 1-induced antibodies to methadone, tramadol, fentanyl, sufentanil, nalbuphine, and buprenorphine allows for their use in the event that an acute pain treatment is required for emergency use in vaccinated patients. The 1-induced antibodies did not bind to any of the non-narcotic analgesics like acetylsalicylic acid, ibuprofen, and acetaminophen, which could also be used in immunized individuals for alternative pain management if needed. 52 
■ CONCLUSIONS
After a considerable amount of experimentation, a practical scalable synthesis of haptenic heroin surrogate 1 was completed in five steps from hydromorphone. The key improvement was the installation of the C-3 amido group using an activated phenol in a single transformation via waterpromoted Buchwald−Hartwig cross coupling instead of a reduction/nitration/acylation sequence. This improvement enabled the synthesis of the most useful hapten, 1, in 53% overall yield. Immunization with 1 conjugated to TT and mixed with ALF or ALFA as adjuvants protected mice and rats from subcutaneous and intravenous heroin challenge. The vaccine formulation induced partial efficacy from a 50 mg/kg heroin challenge dose, suggesting that it may be a valuable therapeutic to prevent heroin overdose. In addition, the crossreactivity of the antibodies with other commonly abused prescription opioids suggests that the vaccine may have utility for these other opioids as well. The improved material throughput will enable the study and development of this hydrolytically stable conjugate heroin vaccine formulation using the hapten 1 for the treatment and prevention of heroin addiction. In conclusion, the TT−1 heroin vaccine has great potential as a highly improved immunotherapeutic for addiction to heroin and other opioids that can be easily and effectively translated into humans as a synergistic approach to treat substance-use disorders.
■ EXPERIMENTAL SECTION
General Methods, Reagents, and Drugs. Microwave reactions were performed with a CEM Discover SP microwave synthesizer in either 10 or 35 mL reaction vessels. Melting points were determined on a Buchi B-545 instrument and are uncorrected. Proton and carbon nuclear magnetic resonance ( 1 H and 13 C NMR) spectra were recorded on a Varian Gemini-400 spectrometer in CDCl 3 (unless otherwise noted), with the values given in ppm (TMS as internal
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Article standard) and J (Hz) assignments of 1 H resonance coupling. Mass spectra (HRMS) were recorded on a VG 7070E spectrometer or a JEOL SX102a mass spectrometer using an electrospray ionization (ESI) source. The optical rotation data were obtained on a PerkinElmer polarimeter model 341 at room temperature. Gas chromatography (GC) was performed on an Agilent Technologies 6850 GC system equipped with a VL MSD detector. Thin layer chromatography (TLC) analyses were carried out on prepackaged plates using various gradients of CHCl 3 /MeOH containing 1% of 28% NH 4 OH (CMA) or gradients of EtOAc:n-hexane. Visualization was accomplished under UV light or by staining in an iodine chamber. Flash column chromatography was performed using RediSep Rf normal phase silica gel cartridges. Atlantic Microlabs, Inc., Norcross, GA, or Micro-Analysis, Inc., Wilmington, DE, performed elemental analyses, and the results were within ±0.4% of the theoretical values.
Tetanus toxoid (TT) was purchased from Statens Serum Institut (Copenhagen, Denmark). NHS-(PEG) 2 -maleimide cross-linker [(SM-(PEG) 2 ] and dialysis cassettes (Slide-A-Lyzer G2, 10K MWCO) and Nunc MaxiSorp flat-bottom plates were purchased from Thermo Fisher Scientific (Rockford, IL). Dulbecco's phosphate buffered saline (PBS, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , 2.7 mM KCl, 137 mM NaCl, pH 7.4) was purchased from Quality Biological Inc. (Gaithersburg, MD). Liposomal lipids consisting of 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG), 1,2-dimyristoylsn-glycero-3-phosphocholine (DMPC), monophosphoryl lipid A (PHAD or 3D-PHAD), and cholesterol (plant derived) were purchased from Avanti Polar Lipids (Alabaster, AL). Aluminum hydroxide adjuvant, Alhydrogel, was purchased from Brenntag (Denmark). Antimorphine BD1263 and anti-Tetanus Toxoid HYB-278-01 monoclonal antibodies were purchased from Abcam (Cambridge, MA). 3,6-Diacetylmorphine·HCl (heroin·HCl), 6-AM·HCl, M-3G·hydrate, M-6G·hydrate, normorphine·HCl·hydrate, hydrocodone, hydromorphone, oxymorphone, meperidine·HCl, fentanyl, sufentanil, and tramadol·HCl were purchased from Lipomed, Inc. (Cambridge, MA). Morphine sulfate salt·pentahydrate, codeine, oxycodone·HCl, levorphanol (+)-tartrate salt·dihydrate, nalbuphine· HCl·hydrate, methadone·HCl, buprenorphine·HCl, naloxone·HCl· dihydrate, naltrexone·HCl, acetylsalicylic acid, ibuprofen, and acetaminophen were purchased from Sigma-Aldrich (St. Louis, MO). Human opioid peptides β-endorphin and [Leu5]-enkephalin were purchased from AnaSpec (Fremont, CA).
Chemistry. N-((4R,7S,7aR,12bS)-7-Acetamido-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]-isoquinolin-9-yl)-3-(tritylthio)propanamide (1). From 12: Aniline 12 (0.170 g, 0.519 mmol) was dissolved in CHCl 3 (10 mL) and cooled to 0°C. Triethylamine (0.420 g, 4.15 mmol, 0.580 mL, 8 equiv), 3-(tritylthio)propanoic acid (0.361 g, 1.03 mmol, 2 equiv), and TBTU (0.666 g, 2.07 mmol, 4 equiv) were added sequentially. The solution was stirred for 16 h, warming to 25°C. The solution was washed with H 2 O (2 × 5 mL) then brine (1 × 5 mL), dried over Na 2 SO 4 , filtered, and concentrated in vacuo to give a brown semisolid. The semisolid was purified by column chromatography on SiO 2 (98:1. 8 14 mmol, free base) in CHCl 3 (10 mL) was added trifluoroacetic acid (5 mL) at room temperature, and the mixture was stirred for 3 h. The mixture was concentrated, and the residue was partitioned with CHCl 3 (20 mL) and saturated NaHCO 3 (20 mL). The layers were separated, and the aqueous layer was extracted with CHCl 3 (3 × 20 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated. To the resulting residue, CHCl 3 (20 mL) was added followed by triethylamine (875 μL, 6.28 mmol), COMU (1.6 g, 3.76 mmol), and 3-(tritylthio)propionic acid (1.3 g, 3.76 mmol) at ambient temperature under an atmosphere of argon. The solution was stirred for 30 min before quenching with H 2 O (15 mL). The organic layer was separated, and the aqueous layer was extracted with CHCl 3 (4 × 20 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated. The residue was purified by column chromatography using a gradient of 0−15% MeOH/5% NH 4 OH in CHCl 3 , yielding pure (by NMR) product 1 as a light-yellow oil (1.7 g, 82% from 19). To remove the color impurity, the oil was further purified by column chromatography using a RediSep Rf Gold Cyano functionalized column and a mixture of H 2 O and acetonitrile as a mobile phase. Fractions containing the product were combined and the solvents removed, affording 1 as a colorless oil (1.3 g). The oil was further formulated into a white powder after dissolving it in a mixture of MeOH, tert-butanol, and H 2 O (1:12:3), followed by a freeze-dry process. N-((7aR)-9-Amino-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e] isoquinolin-7-yl) Acetamide (12) . Amide 13 (0.60 g, 1.63 mmol) was dissolved in 1 N HCl (32 mL) and heated to 60°C for 72 h. The reaction mixture was made basic (pH > 9) with 28% NH 4 OH. The solution was extracted with 10% iPrOH/CHCl 3 (3 × 50 mL), and the organic layer was dried over Na 2 SO 4 , filtered, and concentrated in vacuo to give a yellow oil. N,N′-((7S,7aR)-3-Methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinoline-7,9-diyl) Diacetamide (13) . Amine 16 (1.77 g, 4.24 mmol, contaminated with ∼10% benzylamine) was dissolved in EtOH (40 mL) in a 250 mL pressure tested reaction bottle. Escat 103 5% Pd/C (0.590 g, 33% w/w of 16) was added, and the vessel was pressurized to 50 psi H 2 in a Parr shaker. The reaction mixture was heated to 50°C and then shaken for 24 h, after which an additional 0.590 g of Escat 103 was added. The vessel was repressurized to 50 psi H 2 and shaken at 50°C until starting material was consumed as indicated by GC/MS analysis. The reaction mixture was cooled to 25°C, filtered through Celite, and concentrated in vacuo to give a yellow oil (17) . The resulting oil was dissolved in CHCl 3 (40 mL) and cooled to 0°C. Triethylamine (2.57 g, 3.55 mL, 25.43 mmol, 6 equiv) and acetic anhydride (0.87 g, 0.80 mL, 8.48 mmol, 2 equiv) were added sequentially, and the solution was stirred 16 h, warming to 25°C. The solution was washed with 28% NH 4 OH, dried over Na 2 SO 4 , and concentrated in vacuo to give a yellow oil. The oil was purified via column chromatography on SiO 2 (95:4.5:0.5 90:9:1 CHCl 3 :MeOH:28% NH 4 OH) to give a yellow solid. The solid was triturated in EtOAc to give amide 13 as a white solid (1.29 g, 67% over three steps from 15), which was identical to previous reports. 17 (14) . 24 To a solution of 13 (7 mg, 0.019 mmol) in 1,2-dichloroethane 0.25 mL was added K 2 CO 3 (0.250 mg) and ethyl chloroformate (0.013 g, 0.12 mmol, 0.012 mL, 5 equiv). The mixture was heated to reflux for 1.5 h until the starting material was consumed as indicated by TLC (90:9:1 CHCl 3 :MeOH:28% NH 4 OH) to give the ethyl carbamate as indicated by GC/MS. The solution was cooled to 25°C, filtered, and concentrated in vacuo to give a yellow oil. The oil was dissolved in 1,2-dichloroethane (0.25 mL), and trimethylsilyl iodide (0.012 g, 0.060 mmol, 0.009 mL, 2.5 equiv) in 1,2-dichloroethane (0.10 mL) was added. The solution was heated to 55°C for 1 h and cooled to 25°C
, and additional trimethylsilyl iodide (0.024 g, 0.12 mmol, 0.018 mL, 5 equiv) was added. The solution was heated to 55°C for 14 h, then heated to reflux for 4 h until the ethyl carbamate was consumed as indicated by TLC. The solution was cooled to 25°C, diluted with CHCl 3 (10 mL), and stirred with saturated aq Na 2 S 2 O 3 (10 mL) until homogeneous layers were visible. The solution was made basic (pH > 9) with 28% NH 4 OH. The organic layer was separated, and the aqueous layer was extracted with CHCl 3 (3 × 10 mL). The combined organic layers were dried over Na 2 SO 4 , concentrated in vacuo, and purified via column chromatography on SiO 2 (98:1. (Table 1 ) (0.14 g, 0.17 mmol, 0.05 equiv) was added in one portion, and the solution was heated in the microwave to 110°C for 2 h to give a dark-brown suspension. The suspension was diluted with hexanes concentrated in vacuo to give a black solid. The solids were taken up in 10% MeOH/CHCl 3 (100 mL), washed with H 2 O (2 × 50 mL), dried over Na 2 SO 4 , and concentrated to give a black oil. The oil was purified via column chromatography on SiO 2 (95:4.5:0.5 to 88:10.8:1.2 CHCl 3 :MeOH:28% NH 4 OH) to give a brown solid. The solid was triturated with EtOAc to give acetamide 15 (0.80 g, 73%) as an off-white solid.
Conventional Heating Method. A mixture of triflate 5 (8 g, 19.16 mmol), acetamide (2.49 g, 42.15 mmol), and potassium phosphate (4.47 g, 21.07 mmol) was purged with argon for 15 min. tert-Butyl BrettPhos palladacycle catalyst (Table 1) (0.818 g, 0.958 mmol) was then added, and the solids were purged with argon for additional 15 min. Degassed tert-butanol (110 mL) and degassed H 2 O (0.4 mL) were added to the solids, and the reaction mixture was heated to 90°C for 4 h under an atmosphere of argon. The solvent was removed in vacuo, and the resulting residue was partitioned with a mixture of 10% isopropyl alcohol in CHCl 3 (80 mL) and H 2 O (60 mL) and separated. The aqueous layer was further extracted with a mixture of 10% isopropyl alcohol in CHCl 3 (3 × 80 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated. The residue was purified by column chromatography using a gradient of 0−12% MeOH/5% NH 4 OH in CHCl 3 , yielding the title compound 15 as a light-brown solid (5.5 g, 88%). 4 (1.60 g, 13.30 mmol, 2 equiv) were added, and the suspension was stirred at 25°C for 1 h. Sodium triacetoxyborohydride (2.82 g, 13.3 mmol, 2 equiv) was then added in one portion. The mixture was stirred for 16 h at 25°C. Unreacted starting material and unreduced imine were detected by GC/MS, thus additional benzylamine (0.11 g, 0.10 mmol, 0.11 mL, 0.15 equiv), MgSO 4 (0.800 mg, 6.65 mmol, 1 equiv), and sodium triacetoxyborohydride (1.41 g, 6.65 mmol, 1 equiv) were added and the reaction was stirred for 24 h. The suspension was filtered, and the filtrate was concentrated in vacuo to give a yellow semisolid. The semisolid was dissolved in CHCl 3 (200 mL), washed with saturated aq NaHCO 3 (2 × 50 mL), dried over Na 2 SO 4 , filtered, and concentrated in vacuo to give a yellow oil. The oil was purified via column chromatography (99:0.9:0.1 CHCl 3 :MeOH:28% NH 4 OH to 95:4.5:0.5 CHCl 3 :MeOH:28% NH 4 OH) to give 16 (2.03 g, 72%) as a yellow oil contaminated with ∼10% benzylamine, which was used without further purification. Two analytical samples were prepared, the first by repeated column chromatography on SiO 2 as described to remove the trace benzylamine, the second by dissolving impure 16 in MeOH, adding oxalic acid (2 equiv tert-Butyl ((7aR,12bS)-3-Methyl-7-oxo-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-9-yl)carbamate (18) . Compound 15 (4.2 g, 12.86 mmol) was dissolved in 1 N HCl (85 mL) and heated to 60°C for 48 h. The reaction mixture was cooled to room temperature, and the pH was carefully brought to 6.5−7.0, first with 20% NaOH and then 5% NaOH. Di-tert-butyl dicarbonate (7.38 mL, 32.15 mmol) was added, and the mixture was stirred overnight at room temperature. The aqueous layer was extracted with CHCl 3 (4 × 80 mL). The combined organic layers were washed with 1% NaOH (100 mL), dried over Na 2 SO 4 , and concentrated, yielding a light-yellow foam (4.8 g, 98%). The crude product 18 was directly used in the next step of synthesis. t e r t -B u t y l ( ( 7 S , 7 a R , 1 2 b S ) -7 -A c e t a m i d o -3 -m e t h y l -2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-methanobenzofuro[3,2-e]-isoquinolin-9-yl)carbamate (19) . To a mixture of 18 (4 g, 10.4 mmol) and ammonia solution in ethanol (2M, 52 mL, 104 mmol) was added titanium(IV) isopropoxide (6.16 mL, 20.8 mmol) at ambient temperature under an atmosphere of argon. The flask was capped, and stirring was continued overnight. Sodium borohydride (0.59 g, 15.6
Article mmol) was then added at 8°C, and the mixture was allowed to warm to room temperature while being stirred for an additional 3 h. The reaction was quenched by adding NH 4 OH (2M, 45 mL) followed by Celite (10 g) in order to facilitate filtration of solids. The solids were filtered off and washed with dichloromethane. The organic layer was separated, and the remaining aqueous layer was extracted with dichloromethane (3 × 20 mL). The combined organic extracts were dried over Na 2 SO 4 and concentrated in vacuo to give a light-yellow foam. The resulting residue was dissolved in anhyd EtOAc (10 mL), and acetic anhydride (1.47 mL, 15.6 mmol) was added. Almost immediately, a white solid precipitated out. The mixture was stirred for 1 h, and the white solid was filtered off, washed with diethyl ether, and dried in vacuo, yielding 19 (2.57 g). The remaining mother liquor was basified with saturated NaHCO 3 , and the aqueous layer was extracted with CHCl 3 (3 × 40 mL). The combined organic layers were concentrated, and the residue was purified by column chromatography using a gradient of 0−10% MeOH/5% NH 4 OH in CHCl 3 , yielding an additional amount of 19 (78% free base, over 3 steps from 18). tert-Butyl ((4bS,6S)-6-Acetamido-4-hydroxy-11-methyl-6,7,8,8a,9,10-hexahydro-5H-9,4b-(epiminoethano)phenanthren-3-yl)carbamate (20) . A mixture of 18 (576.7 mg, 1.5 mmol), ammonium formate (1.26 g, 20 mmol), and 10% Pd-C (60 mg) was purged with argon for 10 min. Degassed MeOH (5 mL) and degassed H 2 O (0.6 mL) were added to the solids, and the reaction mixture was heated to 65°C for 2 h under an atmosphere of nitrogen. The catalyst was filtered through a pad of Celite and washed with MeOH. The solvents were removed in vacuo, and the resulting yellow oil was taken in with NH 4 OH solution (2 M, 10 mL) and extracted with CHCl 3 (4 × 15 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated in vacuo. The residue was dissolved in anhydrous EtOAc (5 mL) and acetic anhydride (212 μL, 2.25 mmol) was added and the mixture was stirred for 1 h at room temperature. The reaction was quenched by pouring into an NH 4 OH solution (2M, 8 mL), and the aqueous layer was extracted with EtOAc (4 × 8 mL). The combined organic layers were concentrated, and the residue was purified by column chromatography using a gradient of 0−12% MeOH/5% NH 4 OH in CHCl 3 , followed by additional column chromatography using a neutral alumina column to give 20 (231 mg, 52%). 14,55 Briefly, TT was incubated with the SM(PEG) 2 crosslinker at a molar ratio of 1:1600 for 2 h, processed, and quantified. 14, 55 Deprotected haptens were mixed with TT with a TT:hapten molar ratio of 1:300. Excess haptens were removed by overnight dialysis against PBS, pH 7.4, at 4°C. The TT−hapten conjugates were sterile filtered and quantified by BCA. The number of haptens attached per TT molecule was quantified by MALDI-TOF mass spectrometry (Supporting Information, Figure   S1 ), and protein integrity was verified via gel electrophoresis (Supporting Information, Figure S2 ).
Vaccine Formulations and Rodent Immunization. Army Liposome Formulations (ALF) consisting of DMPC:cholesterol:DMPG in molar ratio of 9:7.5:1 and monophosphoryl lipid A (PHAD or 3D-PHAD) as adjuvant were prepared by lipid deposition. 38, 45, 46 Lipids were mixed and dried by rotary evaporation. Multilamellar liposomal vesicles (MLV) were formed by adding PBS, pH 7.4, to get the desired final concentration of total phospholipids. The MLV were microfluidized using a Microfluidics LV1 low volume high shear microfluidizer (Microfluidics, Westwood, MA) at 30000 psi to form small unilamellar liposomal vesicles (SUV). 38 All animal studies were conducted under an approved animal use protocol in an AAALACi accredited facility in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adheres to principles stated in the Guide for the Care and Use of Laboratory Animals, NRC Publication, 2011 edition. For mouse studies (Supporting Information, Figure S3 ), ALF was mixed with TT−1 or TT−3 to give a final vaccine formulation consisting of SUV with a 1:8.8 molar ratio of MPLA to phospholipids with 10 μg of protein antigens and 20 μg of MPLA (PHAD) per mouse vaccine dose of 50 μL in PBS, pH 7.4. Female Balb/c mice (7 weeks of age; 10 per group) from Jackson Laboratories (Bar Harbor, ME) were immunized intramuscularly (IM) at weeks 0, 3, 6, and 14 in alternating rear thighs. The mice were challenged after three vaccinations at weeks 10 with subcutaneous (SC) heroin (1 mg/kg) and then later repeatedly after four vaccinations at weeks 16 and 17 with intravenous (IV) heroin (0.5 mg/kg). All mice were bled prior to each vaccination and prior to the first challenge at week 8. At week 20, the mice were euthanized and the blood was collected by cardiac puncture.
For rat studies (Supporting Information, Figure S5 ), ALF was mixed with TT−1 to give a final vaccine formulation consisting of SUV with a 1:8.8 molar ratio of MPLA to phospholipids with 100 μg TT−1 antigen and 200 μg of MPLA (3D-PHAD) per rat vaccine dose of 200 μL in PBS, pH 7.4. Male Sprague−Dawley rats (9 weeks of age; ∼250 g weight; 8 per group) from Charles River Laboratories (Wilmington, MA) were immunized using a similar schedule as mice except that the last challenge at week 17 was SC. At week 27, the rats were euthanized and the blood was collected by cardiac puncture.
For the high heroin dose challenge study ( Figure 6 ), mice (n = 10) were immunized at weeks 0, 3, and 6 with 10 μg of TT−1 formulated with ALF + aluminum hydroxide [ALFA] as adjuvant 42, 43 that contained SUV with 1:8.8 molar ratio of 3D-PHAD to phospholipids and 30 μg of aluminum (Alhydrogel). For the ALFA adjuvant formulations, the TT−1 antigen was first adsorbed on Alhydrogel for 1 h and then mixed with ALF. The SUV for this study were lyophilized, whereas for all previous studies they were not lyophilized. The mice were bled at week 8 and challenged along with unvaccinated controls at week 10 with 50 mg/kg SC heroin and the locomotion was monitored for 30 min before and after challenge as described below.
Antibody Titer and Affinity Measurements. For binding ELISA, Nunc MaxiSorp flat-bottom plates were coated with the BSA− 1, BSA−3, or TT (0.1 μg/0.1 mL/well in PBS) and the ELISA was processed.
14 Serum IgG concentrations were quantified for both mouse and rat samples using corresponding standard curves of murine antimorphine monoclonal antibody (mAb), anti-TT mAb for TT ( Figure S4 ), and haptens ( Figure S18 ) as described in Supporting Information.
For competition ELISA, mouse and rat sera from week 8 were diluted in 1% BSA in TBS (20 mM Tris, 154 mM sodium chloride, pH 7.4) blocker to give an ELISA absorbance of ∼1.5. The various competitive drugs were diluted in log order concentrations in a 96-well plate and mixed with diluted sera to give final inhibitor concentrations between 0.01 and 1000 μM. The point at 0 μM corresponded to the negative control. After 30 min incubation at room temperature, the serum−inhibitor mixture was added to the BSA−hapten coated and blocked ELISA plates, which were processed similarly to the binding ELISA in the Supporting Information. 14, 18, 24 The 50% inhibitory concentration (IC 50 value) of each compound
Article was calculated from its normalized ELISA curve for individual animals and pooled sera from each group (Supporting Information, Table S1 and Table S2) .
Heroin Challenge and Vaccine Efficacy Assessments. Both Balb/c mice and Sprague−Dawley rats were repeatedly challenged with heroin·HCl in saline either by SC route with 1 mg/kg injected between the front shoulders or by IV route with 0.5 mg/kg injected in the tail vein. For each assay, the responses before heroin injection (pre, baselines) and 20 min after heroin injection (post) were measured.
Vaccine efficacy in mice was measured by tail flick antinociception assay ( Figure 5, top panel) 14,56,57 and locomotion analysis ( Figure 5,  bottom panel) . 49 For the tail flick test, an infrared light was focused on the tail 3 cm from the tip using the tail flick analgesia meter (Harvard Apparatus, Holliston, MA). The time from the onset of the heat to the withdrawal of the tail (latency) was measured. Baseline latencies were between 2 and 4 s. To avoid burns, the heat stimulus was discontinued after 8 s (cutoff latency). The latency data (antinociception) were converted to percent of maximum possible effect (%MPE) as follows: Mice were acclimated in the locomotion chambers for 30 min prior to the day of heroin challenge. For rats, the warm water tail immersion assay was used instead of the tail flick assay (Figure 8, top panel) . 57 The rat tail was immersed 6 cm from the tip in the immersion test analgesia meter (IITC Life Science, Woodland Hills, CA) set at 54°C. The latency times were measured with cutoff as 10 s and antinociception, measured as % MPE, were calculated as above. Unlike mice, heroin administration sedated the unvaccinated control rats and reduced their overall movement. Hence, instead of the locomotion assay, the BIO-T2CT thermal place preference, two-temperature zone choice Test (TPPT) with DHCP detection software (Bioseb, EB Instruments, Pinellas Park, FL) was used ( Figure 8, bottom panel) . 58 The TPPT consisted of two hot/cold plates (165 × 165 mm 2 each) placed side by side so that the adjacent thermal surfaces formed a single open-topped enclosure. One plate was set at ambient temperature of 25°C, whereas the other plate was set at hot temperature of 54°C. The rat was gently placed on the hot side and allowed to move freely from plate to plate for 3 min. Movements were recorded by an overhead infrared camera. Rats that spent more than 30 s uninterrupted on the hot side at a stretch were removed to avoid burns and were scored as 100% on the hot side. The number of crossings between the two plates, and the percentage of time spent on the hot plate were calculated for each animal. Before beginning the experiments, the rats were trained for 5 min a day for 2 days by setting both the plates at 25°C and ensuring that the rats spent approximately the same amount of time on each plate.
Data Analysis. Computational and statistical analysis were performed using GraphPad Prism. All values are reported as mean ± SEM. Antibody titers were expressed as μg/mL serum, as interpolated from the corresponding standard curves of murine monoclonal antibodies using sigmoidal, four-parameter nonlinear regression curve fit. For calculation of the IC 50 values for various drugs, the competition ELISA data were first normalized to correct for the different absorbances of the no inhibitor samples by calculating the percent binding. The normalized competition curves were then fitted with the log(inhibitor) vs normalized response−variable slope regression to calculate the IC 50 values. Statistical comparison between the controls and the TT−1 and TT−3 vaccinated groups was performed using one-way ANOVA, Kruskal−Wallis test with Dunn's correction for multiple comparisons ( Figure 5 ). The overtime data between two groups was compared using two-way ANOVA with Sidak's multiple comparisons test (Figure 6 ). The data between two groups was compared using Mann−Whitney nonparametric t test (Figure 8 ). The asterisk(s) and corresponding p values were: (1) *, p < 0.05; **, p < 0.01; ***, p < 0.001; using one-way ANOVA and Kruskal−Wallis test with Dunn's correction for multiple comparison. (2) *, p < 0.05; ***, p < 0.001; ****, p < 0.0001; using two-way ANOVA with Sidak's multiple comparisons test. (3) *, p < 0.05; **, p < 0.01; ***, p < 0.001; using Mann−Whitney nonparametric t test. 
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